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INTRODUCTION 

It is  g e n e r a l l y  accepted t h a t  t h e  var ious  pe t rographic  c o n s t i t u e n t s  
of c o a l s  are der ived  l a r g e l y  frsm p a r t l y  decayed organs  of  t h e  h igher  p l a n t s  
and t h e  chemical subs tances  i n  them. Lignin ,  i n  p a r t i c u l a r ,  i s  thought  t o  
be a n  important  p a r t  of t h e  input  t o  c o a l i f i c a t i i o n  processes  both i n  pre- 
served woody t i s s u e  and a f t e r  t h e  n i c o r b i a l  a c t i o n .  The n a t u r e  of t h e  sub- 
stalces from which c o a l s  are derived a r e  f a i r l y  w e l l  known. However, r h e  
chemical  s t r u c t u r e s  t h a t  they  g i v e  r ise  t o  i n  c o a l s  a r e  poorly understood.  
It w a s  thought  worthwhile t o  undertake a s t r u c t u r a l  s tudy  of a set of 
v i t r i n i t e - r i c h  c o a l s  ( i e ,  der ived  from woody t i s s u e ) ,  u s i n g  exper imenta l  
approaches t h a t  would a s s i s t  i n  e v a l u a t i n g  t h e  e x t e n t  t o  which l i g n i n  s t r u c -  
t u r e s  are s t i l l  recognizable  a f t e r  c o a l i f i c a t i o n .  
method of Burges et a 1  (l), which has  prev ious ly  revea led  t h e  presence  of 
l ign in-der ived  phenols  i n  t h e  humic a c i d s  of s o i l s ,  was adopted.  S ince  
c o a l s  of h igher  rank  than  l i g n i t e s  do not  c o n t a i n  humic a c i d s ,  humic-acid- 
l i k e  m a t e r i a l s  were genera ted  i n  h igh  y i e l d s  (80 - 110 percent )  by a mild 
o x i d a t i o n  (2) using aqueous performic a c i d  and t h e  products  subjec ted  t o  t h e  
r e d u c t i v e  degrada t ion .  

A r e d u c t i v e  degrada t ion  

Pa leobotanic  s t u d i e s  show t h a t  t h e  main types  of p l a n t s  t h a t  c o n t r i b u t e d  
t o  c o a l  formation i n  t h e  Carboniferous were p r i m i t i v e  gyxnosperm. tree f e r n s .  
seed f e r n s  and c l u b  mosses. In t h e  o ther  main eras of c o a l  f o r n a t i o n ,  t h e  
Cretaceous and t h e  T e r t i a r y ,  t h e  source  p l a n t s  were angiosperms of t h e  noderr. 
type.  It i s  sbserved t h a t  t h e r e  i s  l i k e l y  t o  be a s i g n i f i c a n t  spread i n  sone 
s t r u c t u r a l  f e a t u r e s  of  t h e  l i g n i n  and f lavonoids  i n  such a v i d e  range of  
p l a n t  types .  Therefore ,  g e o l o g i c a l  h i s t o r y  i s  a l s o  considered a p o t e n t i a l l y  
Important  f a c t o r  i n  determining s t r u c t u r a i  c h a r a c t e r i s t i c s  of v i t r i n i t e s .  
Two p e a t  samples, t h r e e  l i g n i t e s  and t h i r t y - e i g h t  subbi~uminous  and b i t u -  
minous c o a l s  were s t u d i e d .  The mixtures  of phenols  and phenol ic  a c i d s  ob- 
ta ined  as t r i n e t h y l s i l y l  e t h e r s  and esiers were analyzed by gas  chromatography/ 
mass spectrometry.  

EXF'ERINENTAL INVESTIGATION 

S e l e c t i o n  of Coal Samples 

For t h i s  s tudy  t h r e e  sets of c o a l s  from d i f f e r e n t  g e o l o g i c a l  provinces  
were selecteci .  
(70 - 90 p e r c e n t ) ,  and cover  a wide range of rank .  
and I n t e r i o r  prcv inces  and f i f t o e n  c o a l s  from Rocky Yountain prcv ince  were se- 
l e c t e d .  Three l i g n i t e s  were s e l e c t e d  from Texas and North Dakota. 

These c o a l s  a r e  r i c h  i n  v i t r i n i t e  p l u s  p s e u d o - r i t r i n i t e  
Ten c o a l s  each f r o p  Eas te rn  

Two p e a t  
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samples were taken  from t h e  Southern Everglades of F l o r i d a .  
a n a l y s i s  o f  s e l e c t e d  p e a t ,  l i g n i t i c ,  subbituminous and bi tuminous c o a l  samples 
are g iven  in Reference ( 3 ) .  

D e t a i l s  on t h e  

Experimental  Method 

The o x i d a t i o n  of c o a l  by performic a c i d  was c a r r i e d  out  under con- 
t r o l l e d  c o n d i t i o n s  and t h e  t e n p e r a t u r e  was maintained a t  50 - 55OC. Humic 
a c i d s  were e x t r a c t e d  from p e a t s  and l i g n i t e s  wi th  0.5 N XaOH and from oxi- 
dized  c o a l s  w i t h  1 N NaOH. The washed and d r i e d  h x i c  a c i d s  were d isso lved  
in NaOH, t r e a t e d  w i t h  3 p e r c e n t  f r e s h l y  prepared sodium amalgamd and the  
s o l u t i o n  w a s  h e a t e d  i n  an oil b a t h  t o  temperatures  of  110 - 115 C f o r  4 - 
5 hours .  The r e s u l t i n g  phenols  and phenol ic  a c i d s  were p r e c i p i t a t e d  and 
e x t r a c t e d  by c e n t r i f u g a t i o n  wi th  e t h e r  and methylene c h l o r i d e .  The s o l v e n t s  
were removed and t h e  r e s i d u e s  were t r e a t e d  w i t h  s y l o l  HTP reagent  under t h e  
s p e c i f i e d  c o n d i t i o n s  f o r  conver t ing  phenols  and phenol ic  carboxyl ic  a c i d s  
t o  t h e i r  cor responding  e t h e r s  and e s t e r s .  
were analyzed by gas chromatography wi th  and wi thout  c o i n j e c t i o n .  
of t h e  i d e n t i f i c a t i o n s  were made by Bimer e t  a1 ( 4 )  by gas  chromtography 
with c o i n j e c t i o n  of s t a n d a r d s .  
v i d e r  set of  s t a n d a r d s  more compounds were i d e n t i t i e d  us ing  GC/MS/Computer 
System. Experiments showed OV 101 Column Packing (3  percent  on SO/lOO mesh 
supelco p o r t )  t o  be t h e  most e f f e c t i v e  f o r  GC and G C / M  of t h e  s i x  packings 
t e s t e d .  
system w a s  used t o  s u b t r a c t  t h e  mass spectrum a t  t h e  f o o t  of  each peak j u s t  
before  i t  began t o  e l u t e ,  o r  j u s t  a f t e r  t h e  e l u t i o n ,  from t h e  spectrum re-  
corded as t h e  maximum of t h e  peak was e l u t e d .  
above, were r e p o r t e d  for s t a n d a r d s  and unknowns as p r i n t o u t s  t a b u l a t i n g  m / e  
va lues  2nd r e l a t i v e  i n t e n s i t i e s .  
s p e c t i o n  o f  t h e  p r i n t e d  d a t a  and t h e  r e t e n t i o n  times. 

The t r i m e t h y l  e t h e r s  and esters 
A few 

With t h e  wider  range  of c o a l s  and wi th  a 

The GC/?!S ins t rument  was provided wi th  a d a t a  system. The d a t a  

The raw MS d a t a ,  descr ibed  

The comparisocs were made by v i s u a l  in-  

EWERniENTAL RESULTS 

It is i m p r a c t i c a b l e  t o  reproduce h e r e  a l l  t h e  chromatograms and a l l  
the  mass s p e c t r a  obta ined .  E!ost of them a r e  i l l u s t r a t e d  i n  Reference ( 3 ) .  
It is observed t h a t  humic a c i d s  obta ined  both  by t h e  e x t r a c t i o n s  of l i g n i t e s  
and t h e  o x i d a t a t i o n  o f  t h e  i n s o l u b l e  r e s i d u e s ,  and t h e  hunic  a c i d s  obtained 
from mcst (but  n o t  a l l )  o f  t h e  c o a l s  from t h e  Rocky Hountain Provicce ,  gave 
poorly r e s o l v e d  chromatograms, whi le  those  from t h e  Cerboniferous c o a l s  of 
I n t e r i o r  and E a s t e r n  Provinces  gave chromatograms w h e r e  r e s o l u t i o n  ranged 
from r e a s o n a b l e  to e x c e l l e n t .  
moderately good r e s o l u t i o n .  Taking a n  overv iev ,  18 of 4 3  samples s t u d i e d  
showed poor  r e s o l u t i o n .  

The products  from t h e  p e a t  humic a c i d s  shoved 

There a r e  a number of d i f f i c u l t i e s  i n  d i s c u s s i n g  t h e  compounds iden- 
t i f i s d  and a s s e s S i n g  t h e i r  s i g n i f i c a n c e .  
subs tances  o f  d i v e r s e  origin, and t h e i r  s t r u c t u r e s  a r e  unknown. In order  
t O  f a c i l i t a t e  d i s c u s s i o n  of t h e  d i s t r i b u t i o n  of compounds i d e n t i f i e d ,  a l l  
Of t h e  compounds p a r t i a l l y  or completely i d e n t i f i e d  a r e  l i s t e d  i n  Table  1- 
3, where t h e  c o a l s  from w?.ich they  come are c l a s s i f i e d  p a r t l y  by rank  and 
p a r t l y  by t h e  province .  I n  each s e t  of t a b l e s ,  t h e  compounds are l i s t e d  
as fa r  as p o s s i b l e  i n  o r d e r  o f  i n c r e a s i n g  complexity. 

Humic a c i d s  are poor ly  def ined  
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In  Table  1 a r e  presented  t h e  phenols  and a c i d s  whose s t r u c t u r e s  a r e  
s imple o r  nonspec i f ic  about  t h e i r  o r i g i n .  Table  2a c o n t a i n s  compounds c h a t  
appear  t o  have been der ived  from t h e  A r i n g  of f lavonoids .  In Table 2b are 
compounds of more complex s t r u c t u r e  wi th  a very c l e a r  r e l a t i o n s h i p  t o  t h e  
breakdown products  of l i g n i n  and B r i n g  of f lavonoids .  Table  3 l i s t s  rel- 
a t i v e l y  complex compounds which aga in  may have had a b i o l o g i c a l  o r i g i n ,  
but  t h i s  cannot  be pro;ed; f o r  many of them t h e  s u b s t i t u t i o n  p a t t e r n  i n  
t h e  benzene r i n g  has  not  been i d e n t i f i e d .  IJhat i s  shown i n  t h e  t a b l e s  i s  
t h e  freqency of occurrences  of t h e  v a r i o u s  compounds. 
column of t h e  t a b l e s  i s  shown t h e  t o t a l  number c f  samples of each c l a s s  
s t u d i e d ,  and a g a i n s t  t h e  name of each compound i s  shown t h e  number of re- 
a c t i o n  products  i n  which i t  w a s  i d e n t i f i e d .  

A t  t h e  head of each  

Throughout t h e  s tudy ,  a number o r  r e l a t i v e l y  l a r g e  peaks could n o t  be  
matched w i t h  t h e  S tandards  a v a i l a b l e ,  and no more than  t h e  g e n e r a l  c h a r a c t e r  
of t h e  S t r u c t u r e  could be i n f e r r e d  from t h e  mass s p e c t r a .  These peaks were 
scanned f o r  nega t ive  as w e l l  as p o s i t i v e  information.  
c l u s i o n s  a r i s i n g  from t h e  examination of u n i d e n t i f i e d  peaks were as f o l l o w s :  

1. 

The p r i n c i p l e  con- 

A m a j o r i t y  of t h e  l a r g e  u n i d e n t i f i e d  peaks represented  phenols  o r  
phenol ic  a c i d s .  

2. Some evidence of t h e  presence of biphenyl  groups was seen. 

3. I n  each chromatograms presence of hydroxy p y r i d i n e s  i s  seen.  

4. 

5 .  Some mass s p e c t r a  i n d i c a t e  t h e  presence  of e i t h e r  l i n k a g e s  ( o t h e r  

No evidence of t h e  presence  o f  S u l f u r  compounds w a s  seen.  

than  methoxyl) and of  Carbonyl compounds. 

DISCUSSION OF RESULTS 

The most s t r i k i n g  r e s u l t  o f  t h e  whole s tudy  i s  t h e  presence of cinnamic 
a c i d ,  which was found i n  42 out  of  t h e  43 m a t e r i a l s  analyzed;  t h e  one product  
t h a t  d i d  n o t  c o n t a i n  cinnamic a c i d  d i d  c o n t a i n  t h e  corresponding a l c o h o l .  
The a c i d  i s  found i n  a r e g i o n  of t h e  chromatograms where t h e  peaks r ise 
d i r e c t l y  from t h e  b a s e l i n e  i n  a lmost  a l l  c a s e s ,  and t h e  peak corresponding 
t o  it was almost always s h a r p  and i n t e n s e .  
r e l a t e d  t o  i t  were found i n  a few products .  wi th  t h e  a l i p h a t i c  s i d e  c h a i n  
i n  a d i f f e r e n t  s t a c e  of o x i d a t i o n ,  ie. n o t  a s  -CH=CH-COOH but  as -CHZ.CO.COOH 
o r  -CH2.CH2:COOH o r  -CH2.C0.CH20il .  
occurrence in p l a n t s  as a b i o s y n t h e t i c  precursor  t o  l i g n i n ,  f lavonoids  and 
phenylalanine,  so t h a t  it could have e n t e r e d  pears  as such and be incorpora ted  
i n t o  p e a t  humic a c i d s .  

In a d d i t i o n ,  subs tances  c l o s e l y  

However, cinnamic a c i d  is of common 

There i s  a l s o  p r e s e n t  i n  many samples a group of compounds r e l a t e d  t o  
p. hydroxycinnamic a c i d  ( o r  p. coumaric a c i d ) .  
v a r i o u s  states of  o x i d a t i o n  (-CE=CS-CH OH,  -CH .CO.COOH, -CE2.CH .COOH). 2 2 
p. Coumaric a c i d  i t s e l f  i s  t h e  most abundant o$ these ,  be ing  found i n  about  

Again t h e  s i d e  cha in  is  i n  
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half  t h e  products  from subbituminous and bi tuminous c o a l s ,  b u t  only i n  one 
of the lower rank  m a t e r i a l s .  On the  o t h e r  hand, p. hydroxybenzoic a c i d ,  
which can  be d e r i v e d  from coumaric a c i d  and r e l a t e d  compounds by o x i d a t i o n  
of t h e  s i d e  c h a i n ,  w a s  found i n  almost a l l  of t h e  low rank  m a t e r i a l s  and i n  
r a t h e r  less t h a n  h a l f  of t h e  products  from the  h igher  rank  c o a l s .  

There  are a l a r g e  group of compounds r e l a t e d  t o  3-methoxy-4-hydroxy- 
cinnamic a c i d  ( f e r u l i c  a c i d ) .  This  s u b s t i t u t i o n  p a t t e r n  i s  t h e  most abundant 
in t h e  l i g n i n  of Gymnosperns and i n  some less h i g h l y  evolved p l a n t s  such as 
the Lycopods, bu t  is found a l s o  i n  Angiosperms. V a n i l l i n  (3-methoxy-4-hydroxy- 
benzaldehyde), formed i n  p e a t s  by m i c r o b i a l  o x i d a t i o n  of f e r u l i c  ac id  was 
found in e v e r y  one of  t h e  low rank materials s t u d i e d :  i n  12 o u t  of 15 samples 
from t h e  Rocky Mountain Province,  and i n  about  one-half of those  from t h e  
o ther  p r o v i n c e s .  In a d d i t i o n ,  t h e  r e l a t e d  compound, v a n i l l i c  a c i d  was found 
t o  be  q u i t e  abundant .  F e r u l i c  a c i d  i t s e l f ,  and c a f f e i c  a c i d  (3.5-dihydroxy 
cinnamic a c i d )  were each found i n  about LO percent  of t h e  samples; a sample 
t h a t  conta ined  one i n  g e n e r a l  d i d  not  c o n t a i n  t h e  o t h e r .  
c a f f e i c  a c i d  i s  t h e  only  subs tance  i n  t h i s  group t h a t  has  had t h e  o r i g i n a l  
3-methoxy s u b s t i t u e n t  demethylated t o  hydroxy. The o t h e r  subs tances  i n  t h i s  
group c o n t a i n  t h e  a l i p h a t i c  s i d e  chain i n  v a r i o u s  s t a t e s  of  o x i d a t i o n ,  of 
g r e a t e r  v a r i e t y  t h a n  was found wi th  t h e  compounds r e l a t e d  t o  coumaric a c i d  
(-CH2.C0.CH20H) -CH2.C0.COOH, -CH2.CH .CHO, -CH .CH .CH20H and -CHOH.CHOH.COOH. 

The f i n a l  group of subs tances  r e l a t e d  to  l i g n i n  have t h e  1, 3 ,  4 and 
5 s u b s t i t u t i o n  p a t t e r n  i n  t h e  benzene r i n g .  
d i scussed ,  the s i d e  cha in  was found i n  a v a r i e t y  o f  o x i d a t i o n  states. Again 
only one  demethylated d e r i v a t i v e  was found 3, 4 ,  5- t r ihydroxy cinnamic ac id .  
What n i g h t  be termed t h e  parent  conpound, 3 ,  5-dimethoxy-4-hydroxy cinnamic 
acid,  was found i n  11 samples which was e n t i r e l y  r e s t r i c t e d  t o  t h e  h igher  
rank m a t e r i a l s .  S y r i n g i c  a c i d  and syr ingaldehyde,  i n  which two of t h e  c a r -  
bon atoms in t h e  a l i p h a t i c  cha in  have been renoved by o x i d a t i o n ,  were t h e  
most f r e q u e n t l y  found members of t h i s  group (19 and 13  samples r e s p e c t i v e l y ) ,  
and t h e i r  occur rences  were f a i r l y  evenly d i s t r i b u t e d  over  a l l  c l a s s e s  of 
c o a l s ,  i n c l u d i n g  t h e  p e a t s .  

Oddly enough, 

2 2 2  

As w i t h  t h e  groups a l ready  

CONCLUSIONS 

By no means a l l  of t h e  subs tances  t h a t  gave peaks on t h e  chromatograms 
were i d e n t i f i e d ,  b u t  a c a r e f u l  s c r u t i n y  of  :he d a t a  showed t h a t  i d e n t i f i c a -  
t i o n s  made were reasonably  c e r t a i n .  The products  der ived  from t h e  Carboni- 
fe rous  c o a l s  of  t h e  I n t e r i o r  and Eas te rn  Provinces  were narkedly  less complex 
mixtures ,  and t h e  degree of r e s o l u t i o n  was cons iderably  b e t t e r .  From t h e  
r e s u l t s  t h e r e  are a number of important  i m p l i c a t i o n s  f o r  understanding 
the chemis t ry  of v i t r i n i t e s .  

1. 

These may b e  summarized as fo l lows:  

Many benzene r i n g s  i n  v i t r i n i t e s  b e a r  not  on ly  an OH group but  
o f t e n  o n e  or two methoxy groups as w e l l ;  o c c a s i o n a l l y  a second OH 
group may be  p r e s e n t  i n s t e a d  o f  nethoxy. This  vould expla in ,  
among o t h e r  t h i n g s ,  t h e  d i f f i c u l t y  of s u l f o n a t i n g  o r  n i t r a t i n g  
v i t r i n i  tes wi thout  accompanying o x i d a t  ion.  
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Methoxyl groups s u r v i v e  i n  v i t r i n i t e s  t o  a cons iderably  h igher  
l e v e l  of rank than  previous ly  repor ted .  

B i c y c l i c  and p o l y c y c l i c  aromatic  r i n g  systems,  o t h e r  than  b iphenyl ,  
appear  t o  be less f requent .  It i s  p o s s i b l e  t h a t  most of t h e  
p o l y c y c l i c  s t r u c t u r e s  from c o a l s  accumulated i n  t h e  e t h e r - i n s o l u b l e  
material. 

The s t r u c t u r e  of v i t r i n i t e s ,  even of High V o l t a t i l e  A Bituminous 
rank,  appears  t o  be similar t o  t h a t  of l i g n i n ,  i n  being based t o  
an important  e x t e n t  on phenyl propane and phenyl methane s k e l e t o n s .  

O l e f i n i c  double  bonds a r e  abundant i n  v i t r i n i t e  s t r u c t u r e s  as such 
o r  they  are genera ted  by t h e  degrada t ion  processes  used,  i n  a manner 
d i f f i c u l t  t o  envisage a t  t h i s  t i m e .  

The conclus ions  a r e  c o n s i s t e n t  wi th  a f e a s i b l e  i n t e r p r e t a t i o n  of  t h e  
X-ray s c a t t e r i n g  d a t a  of Hirsch (5) .  Fur ther ,  i t  i s  a l s o  c o n s i s t e n t  wi th  
t h e  conclus ions  cf  Flontgomery e t  a 1  (6)  and of  Chakrabar t ty  e t  a 1  (7) on 
t h e i r  s t u d i e s  of  t h e  products  of s e v e r e  o x i d a t i o n  of c o a l s .  
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